The crystal structures of magnesiosadanagaite (MS) from Mogok, Myanmar, monoclinic, a 9.857(2), b 17.899(4), c 5.318(1) Å, b 105.36(1)°, V 904.74(8) Å 3 , C2/m, Z = 2, and potassic-ferrisadanagaite (FS) from the Ilmen alkaline massif, South Urals, Russia, a 9.9257(4), b 18.0917 (7) [4] Al is strongly ordered at the T(1) site in each crystal, but the <T(2)-O> distances, 1.648 and 1.655 Å, indicate significant Al at the T(2) site. The Fe 2+ and Fe 3+ contents in each crystal were assigned from the <M-O> distances. The A(2) and A(m) sites are occupied by Na and (Na,K), respectively, in crystal MS, and by Na and K, respectively, in crystal FS. Both amphiboles show SRO (short-range order) of species at the M(4), O(3), A(m) and A(2) sites, and the relative abundances of these arrangements were assigned.
]. Site populations were assigned from the results of site-scattering refinement and stereochemical analysis, taking into account the unit formula determined for each crystal. The <T-O> distances, 1.678 and 1.684 Å, indicate that [4] Al is strongly ordered at the T(1) site in each crystal, but the <T(2)-O> distances, 1.648 and 1.655 Å, indicate significant Al at the T(2) site. The Fe 2+ and Fe 3+ contents in each crystal were assigned from the <M-O> distances. The A (2) and A(m) sites are occupied by Na and (Na,K), respectively, in crystal MS, and by Na and K, respectively, in crystal FS. Both amphiboles show SRO (short-range order) of species at the M(4), O(3), A(m) and A (2) sites, and the relative abundances of these arrangements were assigned.
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sOmmairE Nous avons affiné la structure cristalline de la magnésiosadanagaïte (MS) provenant de Mogok, Myanmar, monoclinique, a 9.857 (2) 3 , C2/m, Z = 2, jusqu'à un résidu d'environ 3% au moyen de données en diffraction X prélevées sur monocristal (rayonnement MoKa). Les cristaux utilisés pour l'ébauche de la structure ont par la suite été analysés avec une microsonde électronique, ce qui a mené aux compositions: MS: (Na 0.82 K 0.17 ) ( [(OH) 1.70 F 0.30 ]. La population des sites a été attribuée selon les résultats de la dispersion des électrons à chaque site et une analyse stéréochimique, compte tenu de la formule unitaire déterminée pour chaque cristal. Selon les distances <T-O> de 1.678 et 1.684 Å, [4] Al serait fortement ordonné sur le site T(1) dans chaque cristal, mais les distances <T(2)-O>, égales à 1.648 et 1.655 Å, indiquent une proportion importante de Al au site T (2) Leake (1968) and Robinson et al. (1982) show that amphiboles with [4] Al (tetrahedrally coordinated Al) in excess of 2 apfu (atoms per formula unit) are uncommon, and that amphiboles with [4] Al above 2.5 apfu are rare. Nevertheless, such amphiboles do occur (e.g., Appleyard 1975 , Hawthorne & Grundy 1977 , Shimazaki et al. 1984 , Mogessie et al. 1986 , Sawaki 1989 , Bazhenov et al. 1999 , Banno et al. 2004 and are important for two reasons: (1) they "pin" the ends of mean bond-length -constituent ionic-radius relations, thereby making these relations both more accurate and more precise, and (2) extreme chemical compositions can expose new (or hitherto overlooked) mechanisms of substitution or ordering in the amphibole structure. To this end, we here refine the crystal structures of magnesiosadanagaite from Mogok, Myanmar, and potassic-ferrisadanagaite from the Ilmen alkaline massif, Ilmen mountains, southern Urals, Russia, and compare their stereochemistry with recently developed predictive curves (Hawthorne & Oberti 2007) .
rEviEW OF Our sTaTE OF knOWLEdGE
Early studies of aluminous amphiboles were done with two-dimensional diffraction data. The authors assumed disordered site-populations at the T(1) and T(2) sites in the C2/m amphibole structure (Heritsch & Kahler 1960 , Heritsch & Reichert 1960 , Heritsch et al. 1957 , Trojer & Walitzi 1965 . Papike et al. (1969) first showed that the <T(1)-O> distances are longer than the <T(2)-O> distances in [4] Al-bearing amphiboles, and Hawthorne & Grundy (1973a, b) and Robinson et al. (1973) proposed relations between <T(1)-O> and <T(2)-O> distances and [4] Al site-populations in C2/m amphiboles. Hawthorne & Grundy (1977) refined the structure of what is now named potassian ferri-ferrosadanagaite and showed that Al can occupy the T(2) site in significant amounts. Shimazaki et al. (1984) described sadanagaite and magnesiosadanagaite with [4] Al < 2.50 apfu and [4] Al = 3.48 apfu. The situation was slightly complicated by publication of a new nomenclature for amphiboles (Leake et al. 1997) , in which the ideal compositions of sadanagaite and magnesiosadanagaite were redefined as A Na-dominant, with the result that the originally approved sadanagaite and magnesiosadanagaite became potassicsadanagaite and potassic magnesiosadanagaite. In turn, Banno et al. (2004) described magnesiosadanagaite as defined under the new (Leake et al. 1997 ) scheme of nomenclature. Oberti et al. (1995b) reconsidered the relations between <T(1)-O> and <T(2)-O> distances and [4] Al sitepopulations in C2/m amphiboles and showed that the <T(2)-O> distance is affected by other compositional variations in the structure in addition to the [4] Al sitepopulation. Sokolova et al. (2000) refined the structure of potassic-ferrisadanagaite by the Rietveld method and used a slightly modified version of the curve of Oberti et al. (1995b) to assign [4] Al site-populations. Furthermore, they noted that prediction for the potassian ferri-ferrosadanagaite of Hawthorne & Grundy (1977) results in an [4] Al content that differs significantly from the chemical composition of the crystal. Banno et al. (2004) noted that the curve for T (2) given by Sokolova et al. (2000) does not predict sufficient Al at this site to agree with the chemical composition of the crystal. Oberti et al. (1995b) showed that the distribution of Al over the T(1) and T (2) sites is slightly dependent on temperature of crystallization. However, it is apparent from the discovery of fluorocannilloite, ideally Ca Ca 2 (Mg 4 Al) (Si 5 Al 3 ) O 22 F 2 (Hawthorne et al. 1996a) , that composition is also an important issue in more [4] Al-rich structures, as the presence of Ca at the A site strongly affects the pattern of order of Al over the T(1) and T(2) sites.
ExpErimEnTaL
Magnesiosadanagaite (MS) occurs as a somewhat corroded single prismatic crystal (Fig. 1) , coated with phlogopite, in a piece of marble with a nearby (1 cm) corundum (var. ruby) crystal (specimen AMNH 107971) from the Dattaw mine, Mogok Stone Tract, Mandalay Division, Myanmar (Burma); no other minerals were detectable in the sample. Pargasite and edenite are the most common species of amphibole from the Mogok marbles, but Dattaw is noteworthy because it occurs at the intersection of a marble horizon and a pegmatite dike related to the Kabaing granite (Themelis 2007) . Here, corundum in marble is commonly associated with cancrinite (blue), sodalite (colorless), nepheline, marialite, a tourmaline (foitite or burgerite?), apatite and phlogopite, which Harlow et al. (2006) and Themelis (2007) interpreted as products of a reaction between the pegmatite and marble (i.e., skarn). These interactions may have played a role in the paragenesis of magnesiosadanagaite. The phlogopite overgrowth on the amphibole may well reflect the effect of the pegmatite. No other specimens of magnesiosadanagaite has been observed among "Mogok" specimens at the American Museum of Natural History (> 400 specimens).
Potassic-ferrisadanagaite (FS) occurs as a rockforming mineral in an alkaline syenite in thin interrupted bands along the eastern contact of the Ilmen alkaline massif, southern Urals, Russia (Bazhenov et al. 1999) . FS occurs with plagioclase (An 26-28 ), fine-grained perthitic alkali feldspar and grossularandradite, with accessory apatite, titanite and allanite. In fine-grained rocks, FS forms short prismatic grains, whereas in coarse-grained pegmatitic rocks, FS forms poikilitic crystals up to 2 cm across. Results of a Rietveld refinement and a Mössbauer spectrum of FS were given by Sokolova et al. (2000) .
X-ray data collection and structure refinement
Experimental details are as described by Tait et al. (2005) . Unit-cell parameters, R indices and other information pertinent to data collection and refinement are given in Table 1 . Difference-electron-density maps were calculated from the final structure-models with the A-site cations omitted from the calculation, and are shown in Figure 2 . Details of the A-site configurations are shown in Figure 3 . Site scattering was refined at the A(m) and A (2) sites, but with isotropic-displacement factors, there was an additional residual peak at another A(m) [= A(m) '] site in both structures. Thus two A(m) sites were identified, and the site scattering was refined at all three A sites with the isotropic-displacement factors constrained to be equal at these sites in order to damp the extreme correlations that would otherwise occur between refined A-site variables. Final coordinates and displacement parameters of all atoms are listed in Table 2 , selected interatomic distances and angles are given in Table 3 , and the refined site-scattering values are listed in Table 4. A table of 
Electron-microprobe analysis
The crystals used in the collection of the X-ray intensity data were subsequently mounted, polished and analyzed using a CAMECA SX100 electron microprobe in wavelength-dispersion mode. Beam conditions for all elements were 15 kV, beam current of 20 nA, and a spot diameter of 1 mm. Counting times for all element peak and background determinations were 20 s and 10 s, respectively. The analytical data were reduced and corrected using the PAP method (Pouchou & Pichoir 1985) . The crystals were analyzed with the following standards for K X-ray lines: albite (Na), orthoclase (K), diopside (Ca, Si), arfvedsonite (Fe), spessartine (Mn), forsterite (Mg), chromite (Cr), titanite (Ti) , kyanite (Al) and fluororiebeckite (F). The chemical compositions (Table 5 ) are the average of 10 determinations taken uniformly over each crystal; no significant zoning was observed. The resulting composition of potassicferrisadanagaite is very close to that given by Bazhenov et al. (1999) .
Calculation of unit formulae
Calculation of the unit formulae for these crystals is not straightforward. Both crystals contain significant [6] Ti 4+ (~0.20 apfu; atoms per formula unit), and the way that the Ti is treated significantly affects the resultant formulae. Where [6] Ti 4+ occurs in significant amounts (>0.2 apfu), it occurs at the M(1) site, entering the structure via the substitution (Oberti et al. 1992 , thereby affecting the amount of OH in the structure and hence the normalization procedure in the absence of a determination for H. However, in the present case, we will see that the <M(1)-O> distances are not compatible with significant amounts of Ti at M(1), and hence we calculated the formulae on the basis of 24 anions pfu with (OH) + F = 2 apfu. For crystal MS, the observed <M(2)-O> distance and the mean bond-length -aggregate-cation-radius relation of Hawthorne (unpublished) indicate zero Fe 3+ at the M(2) site, and hence zero Fe 3+ in the structure. For crystal FS, the Fe 3+ content was derived from the Mössbauer results of Sokolova et al. (2000) . The resulting unit formulae are given in Table 5 .
siTE pOpuLaTiOns
The site populations were assigned on the basis of (1) the refined site-scattering values (Table 4) , (2) the unit formulae derived from the chemical compositions determined by electron-microprobe analysis (Table 5) , (3) the observed bond-lengths (Table 3) , (4) the constraint that all sites except A be fully occupied, and (5) the resulting formula be neutral.
The T sites
The site populations at the T(1) and T(2) sites in these amphiboles are of significant interest, as the compositions reported here are some of the most [4] Al-rich of the monoclinic amphiboles. Our current curves relating <T-O> distances and T Al content (Oberti et al. 1995b) do not work very well for Al-rich amphiboles. Hawthorne & Oberti (2007) have reconsidered this problem in detail using data from ~50 refined amphiboles from the literature. The issue is complicated by the fact that the grand mean T-O distance, <<T-O>>, is not a simple linear function of the [4] Al content over the complete range of [4] Al values in amphiboles (Fig.  4a) . At small values of [4] Al (<0.50 apfu), there is significant variation in [4] Al that appears unrelated to [4] Al content, and Hawthorne & Oberti (2007) showed that the variation of <<T-O>> in Figure 4a is related to compositional variations in other parts of the structure in addition to the T sites. However, there is a linear relation between <<T-O>> and [4] Al for [4] Al >0.50 apfu (Fig. 4b) , implying that there should be linear relations between both <T(1)-O> and T(1) Al, and <T (2) calculated using these equations, and then adjusted to fit the total T Al from the unit formula. As is apparent from Figures 4b-d , the data for magnesiosadanagaite and potassic-ferrisadanagaite are completely in accord with these relations, and confirm the fit for amphiboles with high (>2.00 Al apfu) T Al content. The data for the potassian ferri-ferrosadanagaite of Hawthorne & Grundy (1977) are the only other data so far available at these high T Al contents and are also in accord with the general relations of Figure 4 . Note that in Figure 4c , there are three amphiboles that have higher Al contents at the T(1) site than these crystals of sadanagaite. These are samples of fluorocannilloite, in which the significant content of Ca at the A(2) site allows T(1) Al to significantly exceed the value of 2.00 apfu by providing sufficient bond-valence at O(7) to compensate for the reduced bond-valence arising from the ensuing T(1) Al-O(7)-T(1) Al linkages (Hawthorne et al. 1996d ). Al. In (b), (c) and (d), the data for magnesiosadanagaite (MS) and potassic-ferrisadanagaite (KS) are shown by large black squares. Modified from Hawthorne & Oberti (2007) .
The M(1,2,3) sites

Inspection of
( Table 4 ). The agreement between the total scattering at the M (1,2,3 ) sites and the aggregate number of electrons of the C-group cations is quite close, but we are still left with the problem that the numbers do not agree exactly, and hence any assignment of site populations cannot agree exactly with both sets of data. Site-scattering refinement determines the relative values of the individual site-scattering factors much more accurately than it determines the absolute values. This behavior arises because the refined scattering of the cations is determined relative to the scattering of the fixed cations and anions in the refinement procedure, and hence is dependent on the details of the scattering factors used (i.e., ionized versus half-ionized versus neutral). This issue suggests that we should use the relative values of the site-scattering values, but normalize the sum of the absolute values to the number of aggregate electrons of the C-group cations. These normalized values are given in Table 6 . Site populations involving Mg and Fe 2+ at M(1) and M(3) were calculated directly from the normalized site-scattering values. All Al, Cr 3+ and Ti 4+ were assigned to M (2) , and the balance of the site scattering was used to calculate the amounts of Mg and Fe at M (2) . There is no Fe at M(2) in crystal MS, and so we calculated the final formula with all Fe as Fe 2+ . For crystal FS, the value of Fe 3+ / (Fe 2+ + Fe 3+ ) derived from the SREF site-population is 0.335, in close agreement with the value of 0.32 derived by Mössbauer spectroscopy on the same sample (Sokolova et al. 2000) . Hawthorne & Oberti (2007) reported relations between <M-O> distances and mean constituent-cation and constituent-anion radii at the relevant sites. Using these relations, we may calculate <M-O> distances for proposed site-assignments and evaluate their validity from the correspondence between the observed and calculated <M-O> distances. There is no indication of Fe 3+ at the M(1) and M(3) sites in crystal FS from the <M(1)-O> and <M(3)-O> distances, in accord with the agreement between the Fe 3+ / (Fe 2+ + Fe 3+ ) values determined by SREF and by Mössbauer spectroscopy (Sokolova et al. 2000) . Is there significant Ti 4+ at the M(1) site in these crystals? The calculated <M(1)-O> distances for (1) Ti 4+ assigned to M(1) and (2) Ti 4+ assigned to M (2) are (1) 2.076 and 2.108, and (2) 2.082 and 2.119 Å for MS and FS, respectively. The differences between the observed and calculated distances are twice as large for case (1) as for case (2), and hence we conclude that there is no significant Ti 4+ at M(1) in either crystal.
There is significant Mn 2+ in crystal FS; can we derive any information on the site occupancy of this cation? First, the calculated <M(2)-O> distance, 1.990 Å, is identical to the observed value, 1.990 Å, and the assigned site-populations are conformable with the observed mean bond-length without any Mn 2+ at M (2) , indicating that Mn 2+ must occur at the M(1) or M(3) sites (or both). As Mn 2+ (r = 0.83 Å; Shannon 1976) is significantly larger than Fe 2+ , the presence of Mn 2+ at a site should affect the mean bond-length. With the heavy scatterer at M(1) and M(3) assigned as Fe 2+ , the calculated <M(1)-O> and <M(3)-O> distances are 2.119 and 2.122 Å, respectively, and the observed <M(1)-O> and <M(3)-O> distances are 2.129 and 2.137 Å. The differences are 0.010 and 0.015 Å, respectively. We may assign Mn 2+ so as to minimize these differences: M(1) Mn 2+ = 0.08, M(3) Mn 2+ = 0.18 apfu. The resultant site-populations are given in Table 6 .
The M(4) site
The chemical compositions of Table 5 indicate that the M(4) site is dominated by Ca in these crystals, with the balance being made up of Na. The resultant site-populations are in close accord with the refined site-scattering values at this site ( Table 6 ).
The A site
The A site is completely filled by Na and K in these amphiboles, and the refined site-scattering values are in accord with the chemical compositions given in Table  5 . In the monoclinic amphiboles, there is significant positional disorder of Na and K within the A cavity, the cations occupying the A(m) and A(2) sites (Papike et al. 1969 , Hawthorne & Grundy 1972 , Hawthorne 1983 , Hawthorne et al. 1996d ). This issue is examined for the structures refined here in Figure 2 , which shows difference-Fourier maps calculated with the A-site cations removed from the refinement model. In crystal MS (Fig. 2a, Table 6 ), the electron density is distributed approximately equally between the aggregate A(m) and A(2) sites (Fig. 3) , whereas in crystal FS (Fig. 2b) , the electron density is much higher at the A(m) site relative to the A(2) site; these results are in good accord with the refined site-scattering at these sites (Table 6) .
Both crystals show the presence of two distinct A sites on the mirror plane, A(m) and A(m)'. Hawthorne et al. (1996d) showed that in fluoro-amphiboles, the A(m) site is further displaced from the center of the A cavity than in hydroxy amphiboles. It is notable that both MS and FS contain significant amounts of F (Table 5) , and we propose that the A(m)' site is locally associated with F at O(3), whereas the A(m) site is locally associated with (OH) at O(3).
sHOrT-ranGE OrdEr
Heritsch (1955) first showed that the A cations in monoclinic amphiboles are disordered off the central A(2/m) site (Fig. 3) . This was confirmed in many subsequent studies (Gibbs 1966 , Papike et al. (1969 , Hawthorne & Grundy 1972 , 1973a , b, Robinson et al. 1973 . It was soon realized that K occupies the A(m) site only, whereas Na occurs at both the A(2) and A(m) sites. However, the reason(s) for this behavior proved elusive for many years. Eventually, Hawthorne et al. (1996c) showed that this behavior is related to shortrange order (SRO) in the vicinity of the A site and the resulting bond-valence requirements of the local atomic arrangements. In addition, they listed the local atomic arrangements in the vicinity of the A site in order of favorability with regard to bond-valence requirements [Table 7 ; note that we have changed the order of the sites relative to that given by Hawthorne et al. (1996c), i.e Table 7 , arrangement [1] is the most favorable from bond-valence perspective [i.e., the local agreement with the valence-sum rule (Brown 1981 , 2002 , Hawthorne 1997 is maximized], and hence this arrangement will occur in preference to any other, provided the chemical composition of the crystal is compatible with its existence. Arrangement [2] is second most favorable, and will occur where there is no M(4) Na, O(3) F or A(m) Na available to form arrangement [1] .
., M(4)-A-O(3) rather than M(4)-O(3)-A]. Thus in
In previous considerations of SRO in the vicinity of the A site (Hawthorne et al. 1996c , 2000a , b, 2006 , Tait et al. 2005 ), we did not explicitly consider one issue involving the local stoichiometry of the optimal clusters listed in Table 7 . This consideration may be seen by referring to Figure 5 . The A(2) site is adjacent to two O(3) sites (Fig. 5a) , and where A(2) is occupied by Na, there will be two M(4) cations and two O(3) anions locally associated with this configuration of sites. Of course, this configuration is also associated with a vacant A(2) site (Fig. 4a) (2) Na left from arrangement [2] . The arrangement M(4) Ca-A(m) K-OH is dictated by the amount of K present: 0.17 (Table 5) . This leaves 0.01 A , which may occur as the cluster M(4) Ca-A -OH. The sum of the SRO arrangements is equal to the unit formula of the crystal (Table 5) ; the results for crystals MS and FS are given in Table 7 .
This work, together with that of Hawthorne et al. (2000a Hawthorne et al. ( , b, 2006 and Tait et al. (2005) , show that there is strong SRO of cations and anions involving the A, M(4) and O(3) sites. However, Hawthorne et al. (1996b , 2000b ), Della Ventura et al. (1996 , 1999 , 2003 and Oberti et al. (1995a) have shown that there is extensive SRO of cations and anions involving the M(1), M (2) , M(3) and T(1) sites. Presumably, the patterns of SRO over these two sets of sites are not independent, as the O(3) site is involved in both configurations of sites. Hence the next issue in our understanding of SRO in amphiboles is to establish what is the relation between these two types of SRO in different regions of the structure. This is not a straightforward matter, as (1) the optimum amphibole compositional system to do this needs to be identified, and (2) the coupling between these two short-range arrangements needs to be established.
summary
(1) The crystal structures of magnesiosadanagaite and potassic-ferrisadanagaite, two of the three most [4] Al-rich clino-amphiboles so far refined, are reported here.
(2) The grand <T-O> bond-lengths and analyzed amounts of [4] Al are in accord with the relation between grand <T-O> and [4] Al given by Hawthorne & Oberti (2007) .
(3) The relation between <M(1)-O> and constituentcation and constituent-anion radii (Hawthorne & Oberti 2007) indicates that Ti 4+ is strongly to completely ordered at the M(2) site.
(4) The A sites are occupied by both K and Na in both amphiboles. The A(2) site is occupied by Na. There are two A(m) sites: most of the K occurs at A(m)', and small amounts of K ± Na occur at A(m).
(5) On the basis of short-range bond-valence considerations (Hawthorne et al. 1996c) , we show that there is strong short-range order of cations and anions involving the A, M(4) and O(3) sites. 
